ABSTRACT. Because of its large size, single null divertor, and exible magnetic geometry, JET is capable of producing the most reactor-relevant plasmas of any present generation tokamak. In the recent deuterium-tritium experiments the fusion performance of these plasmas was tested for the rst time. Over 4 MW of fusion power was produced in a high power, steady state pulse of 5 s, limited by the duration of the heating power. The fusion Q E , de ned simply as the fusion energy produced divided by the input energy over this 5 s interval, was 0.18. The performance of our DT ELMy Hmode discharges extrapolates to ignition in ITER and thus provides increased con dence in its current design. Operation at low q95 is possible in JET with no degradation in con nement and provides an improved margin to ignition when extrapolated to ITER.
INTRODUCTION
The ELMy H-mode is currently the highest performance mode of tokamak operation which has been demonstrated to be compatible with steady state or long pulse operation 1 . As such, it is the preferred mode of operation for a reactor. One of the goals of the JET deuterium-tritium experiment, DTE1, was to demonstrate the maximum fusion performance of ELMy H-modes, and thus of steady state operation, possible in JET.
The maximum fusion performance in JET and likely in any next step device is found at the maximum plasma current compatible with diverted operation. In JET, with the Mark IIA divertor installed, this maximum current is 5 MA. In Fig. 1 the total and the thermal fusion Q for the DTE1 ELMy Hmode pulses with a D-T mix of approximately 50:50 are plotted against plasma current. The thermal Q's are calculated using the TRANSP code 2 but normalised to match the total Q deduced from the neutron measurements. Since all but one of these pulses were run with the same value of q 95 , this plot can be taken as a dependence on either toroidal eld or plasma current.
The total fusion Q is dominated by beam-plasma reactions in all but the highest current pulses. The beam-plasma yield, Q b,th , depends primarily on the Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543, USA to the strong dependence of the con nement o n t h e plasma current and to the almost T 3 dependence of the fusion cross section in the range of operation of these pulses. The scaling of plasma con nement with dimensionless parameters is a well established technique for predicting the con nement of future machines 3 6 . Indeed, one of the main goals of the DTE1 was to establish the mass dependence of the connement in such a scaling exercise. The results of these experiments are reported in 7 . For the purposes of this paper, we note that, due to the limited input power available on JET, there is a limiting which can be obtained at a given normalised Larmor radius, . The trade o between and is shown in Fig. 2 for our deuterium steady state ELMy H-mode database. Thus, while it would be preferable to simultaneously match the and the plasma collisionality, , required for ITER while at the same time minimising , this is not possible in JET. Since the one dimensionless parameter which m ust be extrapolated from present d a y machines to ITER is the normalised scale size, it is useful to have data as close as possible to ITER even at the price of reduced plasma . In this sense the high current data provides plasmas which are as close as possible in present d a y machines to a reactor plasma.
Until 1997, the toroidal eld in JET was limited to 3.45 T. In 1998, following a review of the forces on the TF coils 8 and an upgrade of the relevant p o w er supplies, operation up to 3.8 T in a restricted range of plasma currents and con gurations was approved. It was thus possible to operate during DTE1 at up to 5 MA with the old 3.45 T limit and up to 4.2 MA with toroidal elds up to 3.8 T.
Three di erent magnetic con gurations were tested in deuterium for performance at high current. The standard con guration with the divertor strike points on the horizontal target cannot be used above 4 MA due to the potential forces on the vacuum vessel following disruptions. An alternative con guration was therefore developed for use at and above 4 MA. The di erence between the two con gurations is small. No di erence in plasma con nement or performance was found between these two con gurations and during DTE1 the standard con guration was used below 4 MA and the high current con guration above.
In addition to these two con gurations, a con guration with increased triangularity w as also tested. In this con guration, the triangularity at the separatrix was 0.29 as compared to 0.22 in the other two con gurations. This is to be compared to the triangularity of the ITER reference design which is quoted as 0.24 at the 95 ux surface and is 0.34 at the separatrix. Due to forces on the vacuum vessel and to out-ofplane forces on the toroidal eld coils, this high triangularity con guration is limited to currents at or below 4.0 MA. In the high triangularity discharges, the steady state density obtained was higher than for the lower triangularity pulses. This result has also been found at lower currents 9 and is potentially a route to higher density operation in a reactor. On the other hand, in JET where the plasma temperature is lower than the optimum for thermal DT fusion, operation at higher density results in a signi cant decrease in the predicted fusion performance. For this reason it was decided to perform the DTE1 high current ELMy H-mode pulses in one of the two l o w triangularity con gurations, depending on the plasma current required. This has the additional advantage of being the same triangularity as the pulses which were performed in DT for con nement studies 7 and thus our high current pulses can be directly included in that database.
The primary heating scheme for our high current experiments was neutral beam injection. This system was modi ed for DTE1 so that tritium could be injected from one of the two injection boxes, each comprising eight separate sources. In DT the maximum available input power was, in principle, 24 MW but this is limited to 21-22 MW at long 2 s pulse lengths due to heating of inertially cooled components in the beam lines. While the system is capable of up to 10 s injection at moderate input powers, it is only possible to inject for 5 to 6 s with the full input power required for high performance operation. This is due to restrictions on the pressure in the duct through which the beam passes on entering the torus. Due to the limits on neutron production in DT operation, this pressure limit was particularly a problem in DTE1, where little or no long pulse duct conditioning was possible.
Ideally one would like`steady state' experiments to be steady in terms of energy con nement, E , current di usion skin times, skin , and wall equilibration time, Wall . After the injection of high power, an L-H transition is followed by a rise of the plasma stored energy and, somewhat more slowly, of the core plasma density. A t high current the stored energy and density reach approximately constant v alues after about 2-3 s of the high power phase. There thus remains typically 2-3 s of operation in steady conditions. This is signi cantly longer than the typical JET energy con nement times of 0:5 s, so that these pulses are steady in this respect.
Because our high current discharges operate at quite high temperature T i T e 5keV, the current skin time is long see, for example 10 :
skin a 2 nr o e 2 where a is the plasma minor radius, n is the plasma density, r o is the classical electron radius, and e is the electron collision time. For typical values of high performance, high current pulses in JET, a 1 m , n 6 10 19 m ,3 , e 1 10 ,4 s, and the current skin time is 55 s, much longer than our pulse lengths.
Indeed, the internal inductance of our longest high current DT pulse decreased slightly throughout the heating pulse Fig. 3 . The inductance is calculated from the magnetic measurements using the EFIT 11 13 equilibrium reconstruction code or is calculated using a current di usion model by TRANSP 2 . Tests of very long pulses at lower current h a v e shown, however, that performance in JET ELMy H-modes can be maintained for times comparable to the current di usion time with no change in con nement 1 .
The equilibration time of the plasma with the wall depends on the neutral plus ion ux to the wall. This ux varies by orders of magnitude around the poloidal circumference of the machine. The sum of the neutral atom and deuterium ion ux to the wall is shown in Fig. 4 for a simulation of a moderate current ELMy H-mode 14 . Using the model applied to the JET carbon walls following the preliminary tritium experiment PTE 15 , one nds that the equilibration time for surfaces in direct contact with the plasma is less than one tenth of a second while surfaces far from the divertor region, which see only low neutral uxes, can take u p t o s e v eral hundred seconds to reach equilibrium. In the actual experiments, the e ect of ELMs complicates this calculation and it may be that the equilibartion time is considerably reduced as compared to that deduced from uxes measured between ELMs. It is nonetheless likely that surfaces far from the divertor do not reach equilibrium during our ve second high power pulses. This results in wall pumping in our long pulse discharges, in which the density tends to decrease gradually during the high power phase despite the central beam particle fuelling. In summary, the high current DT pulses reported here can only strictly be considered steady state with respect to the energy con nement of the core plasma and not with respect to either the current di usion time or the wall equilibration or saturation time. Nevertheless, longer pulse experiments at lower currents have shown that the con nement and performance of JET ELMy H-modes does not change even in conditions much closer to being truly steady. W e thus expect that the performance of our high current pulses are extrapolable to very long pulse machines such as ITER.
FUSION PERFORMANCE
In total three high power, high current pulses were performed during DTE1. Together, the three high performance pulses generated 56 MJ of fusion energy, minority. The fusion power produced reached a value of about 4 MW, slightly increasing throughout the pulse due to a slight decrease in the core plasma density and a corresponding increase in the ion temperature. Integrated over the duration of the steady phase of the pulse, the fusion Q E , de ned simply as the fusion energy produced divided by the input energy to the plasma, was 0.18. The other two high performance DT pulses were a somewhat shorter pulse at 3.8 MA and 3.8 T Pulse 42762 and a pulse at 4.5 MA and 3.45 T Pulse 42983 which both had about 3 s of constant, high power heating. The best fusion power 5.3 MW and Q E 0.22 were obtained in the highest current pulse as shown in Fig. 1 .
The data consistency for all three of our high performance ELMy H-mode pulses has been checked using TRANSP calculations. In Fig. 6 , the measured plasma diamagnetic stored energy and neutron rates for Pulse 42982 are compared to those calculated by TRANSP based on kinetic data. Also shown is the neutron rate due to thermal reactions, again as calculated by TRANSP. In this pulse the thermal yield reaches about 30 of the total yield.
The con nement and performance of our high current DT pulses is very similar to that of DD analogues . This is consistent with the observation of a very weak mass dependence of con nement made at lower currents 7 . The DT pulses do appear to reach a higher density than their DD counterparts, probably due to the di erent ELM behaviour 16 . This, as will be discussed below, has a negative impact on fusion performance due to the somewhat lower temperatures achieved in DT for a given input power.
The pro les of electron temperature, ion temperature, electron density and ion density, a v eraged over the last two seconds of Pulse 42982 are shown in Fig. 8 . At these high densities the ion-electron thermal equilibration time is small and the two temperatures are similar as they must be in a reactor. The density pro les are broad which i s t ypical for JET ELMy H-modes. The dilution, which is due primarily to intrinsic carbon and to helium-3 injected as a minority for ICRH heating, is about 35.
The parameters of our high current pulses can be compared to those expected in ITER. The shape of the JET DTE1 pulses is very similar to what is the reference con guration for ITER. The triangularity o f our high current pulses is somewhat lower than the current ITER reference due to restrictions on poloidal eld currents and transverse forces on the TF coils see Section 1. In addition, the safety factor in two o f the three high current pulses executed in DT as well as of the majority of the moderate current pulses performed for -scaling studies is essentially identical to the ITER reference value. In Table I the dimension- less variables of two of our high current pulses are compared to those required in ITER and to those of the highest current pulse 2 MA that attained the normalised required for ITER. In this way, the trade o between approaching the dimensionless size of ITER and maintaining the required N is clear. In our high current pulses the extrapolation to ITER in is a factor of 3 at the price of a signi cantly reduced N while at 2 MA, 2 T, where there is sufcient p o w er available to match N , the value of achieved is a factor 5 greater than that of ITER. The match to the ITER value of is also better for the higher current pulses.
The Z eff values in Table I are from charge exchange spectroscopy measurements and correspond to roughly a 4 carbon concentration in the plasma centre, 1 beryllium, and 6 helium-3. The one exception is Pulse 42983, which is measured to have a higher central beryllium concentration 7. The reason for this di erence is unclear. These Z eff values are somewhat uncertain. The visible bresstrahlung measurements give higher values by about 0.5 but are inconsistent with the measured neutron rates. At the end of the operational campaign following DTE1, the transmission of the windows used for the bremsstrahlung measurements was found to be signi cantly reduced. The Z eff values from visible bremsstrahlung include a correction for this degra- It is possible to extrapolate the performance of our high current pulses to what one would expect in ITER either using the fusion yield directly or by scaling in dimensionless parameters along while holding and constant.
The simplest extrapolation of the fusion yield is the usual Q nT scaling. This scaling assumes that the DT fusion rate coe cient scales as the square of the plasma ion temperature. In JET ELMy Hmodes with predominantly neutral beam heating, the core density i s a l w a ys above a certain minimum value, even with no gas fuelling in addition to the beam particle fuelling. With this minimum density and with the maximum total input power available, it is not possible to obtain steady state discharges which a c hieve ion temperatures in the range where the fusion rate coe cient scales as T 2 , e v en at high current. In fact, the performance of our high current discharges falls below the simple fusion yield scaling by a factor which is proportional to the ion temperature. Since ITER will operate in the optimum temperature range, it is necessary to include this factor when scaling from JET discharges to ITER. With this correction, one nds that the performance of Pulse 42982, our best 3.8 MA, 3.8 T discharge, scales to ignition in ITER, with little margin.
One can avoid the sensitivity to the correction required for the ion temperature by scaling the stored energy of the JET discharges to ITER and then scaling the ITER performance as W 2 , which is equivalent to assuming that any ITER extrapolations are in the temperature region where h vi T 2 . Extrapolated values based on three JET DT pulses are shown in Table II . In the extrapolation of Pulse 42983, which had q 95 = 2 : 77, we h a v e assumed that the lower q could be achieved in ITER by operation at higher plasma current, in this case 24 MA as opposed to the 21 MA reference value. We h a v e also implicitly assumed that the Z eff predicted for ITER can be achieved, despite our DT pulses having a somewhat higher value see Table I . While there was some scatter from day t o d a y , many of the deuterium preparation pulses did have Z eff at or below the ITER value.
At least one word of warning is required when considering such extrapolations at constant and .
The extrapolated values of density can signi cantly exceed the Greenwald limit 17 . This is more of a concern for the extrapolation based on the moderate current pulse where the predicted density is 70 above the Greenwald value. The extrapolation from Pulse 42983, because of the higher current assumed, is only 15 above the Greenwald limit, the same margin which is assumed in the ITER reference case.
There being no rmly established theoretical basis for the Greenwald scaling, it is di cult to know whether the extrapolated values represent realistic operating points. The ITER con nement database group has adopted the position of supplementing performance extrapolations at constant collisionality and with projections where the density is limited to the Greenwald value while the and con nement enhancement factor are held constant see, for example, 3 . For the extrapolation of Pulse 42756, this restricted density results in a predicted fusion Q of 26 while the Q deduced based on Pulse 42983 is 151, i.e. essentially ignited. The extrapolation based on Pulse 42982 is below the Greenwald density so no reduction is required.
It can be seen that extrapolations based on a gyroBohm scaling of the con nement predict ignition at the ITER size and eld for two of three JET reference pulses. GyroBohm scaling, which is based on the assumption that the size of the turbulence which drives the cross eld transport scales with the Larmor radius of the ions, is the scaling which is found 
CONFINEMENT OF HIGH CURRENT DISCHARGES

Global Con nement
The con nement of pulses from our Mark IIA dataset of steady state ELMy H-modes is compared to that predicted by the 1997 ELMy H-mode scaling law in Fig. 9 . In this dataset, pulses which are quasi-steady averaged over ELM periods for more than two energy con nement times are included. The dataset includes pulses from a wide variety of divertor magnetic con gurations and from all three hydrogen isotopes. During the Mark IIA campaign, it has been demonstrated that strong gas fuelling in addition to central fuelling by neutral beams degrades the con nement 9, 18 . In order to restrict the comparison to pulses with good con nement, pulses with gas fuelling in additional to fuelling by neutral beams are not shown in Fig. 9 .
It can be seen that the con nement of our higher current discharges falls below the predictions of the scaling law. This is true even of discharges at moderate current 3 MA . The di erence between the measured and predicted stored energy reaches a maximum of 15-20 at the maximum currents tested.
The dataset shown in Fig. 9 has strong collinearities between the quantities used as independent v ariables in conventional scaling laws. In particular, the plasma current and toroidal eld in our dataset are strongly correlated. The plasma current and density also tend to vary together. Furthermore, this dataset has little or no variation in either plasma size R o r shape , parameters. For this reason we h a v e re tted the data with the exponents of R, and xed at their values given by the 1997 ELMy H-mode scaling The biggest di erence between the two ts is in the current dependence, which is signi cantly weaker in the present dataset. The strong correlation between current and eld in our data make the separation into the separate exponents uncertain. Tests of ts of subsets of the dataset restricted to one current leave the density and power dependences unchanged within the uncertainties but lead to large variations and large uncertainties in the dependence on the toroidal eld. We t h us conclude that our data follows the conventional ELMy H-mode scaling but with a weaker dependence on either the plasma current o r the toroidal eld.
Edge and Core Con nement
It has become clear from recent experiments studying ELMy H-mode con nement that the con nement may v ary independently in the core and the edge plasmas 9, 20 . This has been reinforced by the JET DTE1 results which show that the mass scaling of the core and edge con nement is not only di erent but scales with opposite signs of the exponents in a power law scaling 7 . As a rst step towards understanding the relative degradation of con nement a t high current w e consider the con nement of the core and edge separately. This is done by measuring the height of the con nement barrier at the plasma edge and ascribing an energy to it given by the product of the pressure at the top of the barrier and the plasma volume, the so-called pedestal energy associated with the con nement barrier.
For a variety of JET ELMy H-mode plasmas, the total thermal stored energy is divided into pedestal and core energy components in Fig. 10 . The core or pro le energy is taken to be the di erence between the total and the pedestal stored energies. Both components of the energy have been normalised to the total thermal energy that one would expect for the discharge based on the 1997 scaling law. The most notable feature in Fig. 10 is the strong mass dependence of the pedestal energy. Nevertheless, the relative degradation of con nement can be seen on both the edge and the pro le components of the stored energy. This is in contrast to high density and highly radiative pulses where the majority of the con nement degradation has been shown to be from the pedestal 20 . It is di cult, however, to rmly attribute the degradation, relative to a global scaling law such a s H 97 , to either the core or the edge since the two components may w ell scale individually in di erent fashions. In particular, the current dependence one would expect for the stored energy associated with edge con nement barrier has not been established.
Core mhd Behaviour
The high current DT pulses, which also display a somewhat reduced H-factor see Table I , have been examined for mhd activity and compared to pulses at lower current. Fig. 11 shows a Fourier spectrum evolution in the high current DT discharge 42983 4.5 MA, 3.45 T of mhd activity as measured with a magnetic pick-up coil on the low eld side. The display starts just after an ELM and shows three other com- . The mhd activity that is located in the core of the plasma is not a ected by ELMs but all modes located in the core decrease by more than an order of magnitude after the sawtooth collapse. Also present is a quasi-continuum of modes with high negative m,n numbers which rotate in the electron diamagnetic direction in contrast to the discrete modes discussed above. These quasi-continuous modes only occur in H-modes and are strongly a ected by ELMs see the high frequency range in Fig. 11 . Both the amplitude and the direction of rotation of these modes is changed after each ELM.
In order to determine if the observed core mhd behaviour could explain the somewhat degraded connement factors of our high current discharges we have compared Pulse 42983 to another high current discharge Pulse 42982 and to a lower current shot Pulse 42756. The main parameters of each of these three DT pulses are given in Table I . They follow the typical trend of somewhat worse con nement factors at high current although Pulse 42983 is better than 42982 in this respect.
Pulse 42983, which h a s a l o w er q 95 than the other two discharges analysed, also has a stronger 1,1 mode. Pulse 42983 has a 20-30 cm magnetic island associated with this mode as compared to the other two, higher q discharges which h a v e similar B =B but only 5-8 cm displacements, as measured by electron cyclotron emission pro les. Despite this increased island size, the low q pulse is one of our best high current pulses, suggesting that the 1,1 activity is not responsible for the reduced con nement at high current. This may be understood by examining the amount of thermal energy stored inside the q = 1 surface in these discharges. Even in Pulse 42983, where the q = 1 surface is at 0:4, the fraction of the thermal energy stored by the pressure gradient inside this surface is only 10.
Apart from the n=1 activity, there is little difference in the core mhd activity of the three pulses analysed. The two l o w er q discharges have some n=4 activity 5,4 and other toroidally coupled n=4 modes which is absent in Pulse 42983. The lowest current pulse, which has the highest H-factor, also has n=3 core modes present at an amplitude of B =B = 3 10 ,4 with a measured displacement o f 2-4 cm. We t h us conclude that, in the small sample of pulses which h a v e been analysed, there is no core mhd activity which is correlated with the relative degradation in con nement observed at high current.
Edge mhd Behaviour ELMs
In contrast to the core mhd, the edge localised modes ELMs do strongly a ect the global con nement. Using a simple model for the reheat of the plasma after each ELM 20 , one can estimate the connement of a discharge given the time of the ELMs in the period of interest. In this model, the reheat between ELMs is modelled as an exponential increase of the thermal stored energy on a time scale proportional to the energy con nement time. The con nement is assumed to asymptotically approach some value in the limit of very long periods between ELMs, i.e. low ELM frequency, and to fall to some lower, constant v alue after each ELM. The constants in the model were determined by analysis of a series of moderate current 2.5 MA, deuterium discharges 20 . These constants have been adjusted using the measured dependence of the global con nement on isotope mass 7 for comparison with our DT pulses but are otherwise maintained xed for the analysis presented here. The result of this model is a prediction of a modi ed con nement enhancement factor based on the knowledge of the times of occurrence of the ELMs in the discharge. In this sense, it provides a correction due to ELMs over and above their average in uence as included in the global scaling law. In Fig. 12 , we compare the con nement enhancement factor deduced from this model with that actually measured for a series of DT ELMy H-mode discharges over a range of plasma currents.
It can be seen that the model reproduces the observed trend in the con nement factors. In particular it can be seen that the rather good con nement for the high current seen in the 4.5 MA pulse is due, in large part, to the better edge stability against ELMs. There remains some deviation from the simple model at low con nement factors; the con nement i s measured to be even worse than that predicted by this model of the direct in uence of the ELMs. This is partly because the core con nement is also degrading in these pulses, as was shown in Fig. 10 . It may well be that even this change in core con nement can be related to the ELM behaviour. Several of the core transport models currently being tested by the ITER Con nement W orking Group depend strongly on the value of the edge temperature assumed 3 . Thus dis- charges with higher ELM frequencies which clamp the edge temperature to lower values could result in poorer core con nement a s w ell. At present, the JET edge database is too sparse to draw rm conclusions on this subject. Work is underway to expand the dataset so as to begin to address this question. This analysis of the in uence of ELMs on the global con nement does not address the factors which determine the ELM frequency. Presumably several factors are involved, including vessel conditioning, input power and its margin over the H-mode threshold, and edge magnetic shear. Experiments with different heating schemes 16 , with additional deuterium gas fuelling 9, 18 , and with impurity seeding 21 have all also been shown to change the ELM frequency and thus the time-averaged edge con nement. Further work is required to ascertain the physics mechanisms behind these changes and to quantify more precisely their in uence on global plasma performance.
OPERATING SPACE LIMITATIONS
Tests of ELMy H-mode operation at high current in JET have highlighted the restrictions in the available operating space. Since these restrictions are likely to apply to a next step device it is useful to understand them and their scalings with machine parameters.
The push to high performance and thus to high current is restricted in JET by the lowest achievable value of q 95 . T ests of q 95 values between 2.3 a n d 4 h a v e shown that the con nement of ELMy Hmodes does not depend on q 95 Fig. 13 . This provides a potential improvement in the performance of a reactor where there are stronger limitations on the toroidal magnetic eld than on the plasma current. Indeed, the projections to ITER of our high current pulses are better for lower q 95 than for q 95 3:3 a s in the ITER reference scenario. One signi cant diculty w as found which is related to operation at low q 95 . Strong mode activity with toroidal mode number of 2 was found in several pulses with q 95 2:4. For this reason, it was felt prudent, given the potentially large disruption forces, to limit high current operation to q 95 2:4.
In an ELMy H-mode with predominantly neutral beam heating and thus central particle fuelling, the core density is di cult to vary. In particular, there is a minimum density below which it is impossible to operate even with a well conditioned machine. This density increases with plasma current Fig. 14 although more slowly than linearly, so that our high current ELMy H-modes tend to operate at a lower fraction of the Greenwald limit than lower current pulses.
During the deuterium preparation for high current DT experiments it became clear that steady operation was di cult due to a spontaneous H-L transition 22, 23 . This back transition was found to occur more frequently at lower input power and at higher toroidal eld. Indeed, for a given day, the loss of con nement occurs at an approximately constant value of P in , P rad =n e B T , as one would expect from an H-mode threshold scaling Fig. 15 . There was some variation from day-to-day, suggesting that vessel conditions were also important. Furthermore, the addition of up to 8 MW of ICRH power in addition to 15-20 MW of NB injection didn't signi cantly increase the steady state operating space. This last observation is still not understood and is the largest di culty in attributing the loss of con nement t o an H-mode threshold boundary. This attribution is, however, quantitatively as well as qualitatively reasonable. When the back transitions are plotted on a standard L to H threshold diagram, they fall along the same curve see, for example, Fig. 4 in Ref. 22 . These pulses are near the H-mode threshold, despite their high input power, for two reasons: the steady state density of neutral beam heated ELMy H-modes is high, thus increasing the threshold; and the loss power across the separatrix is signi cantly reduced by the power required to reheat the plasma between ELMs dW=dt 0:4P in .
The loss of con nement in our deuterium ELMy H-modes can continue for several energy con nement times and can result in con nement at L-mode levels. Such strong collapses are accompanied by large drops in the density and, in global variables at least, movement a w a y from the H-mode threshold and into a region where one would normally expect the plasma to be in the H-mode regime. There is thus a hysteresis in our data which is of the opposite sign to the hysteresis that has been found in more normal L to H and H to L studies where the input power is rst stepped up and then gradually reduced 24 . In our case, this hysteresis is due to an edge mhd mode which prevents the formation of the edge transport barrier 22 . When the mode disappears the discharge immediately makes a transition back i n to an ELM-free Hmode and, after the edge pressure rises to its critical value, an ELMy H-mode. This behaviour is cyclic. Up to three full cycles have been observed in a single discharge. In discharges which exhibit these large losses of con nement, the appearance of the edge mhd mode is, within the time resolution of our diagnostics, coincident with the drop in con nement. Both usually occur following an ELM. It has thus not been possible to establish whether the edge mhd mode causes the loss of con nement or is a consequence of changes in the edge plasma parameters following an H to L transition. Due to a hardware failure, the nal deuterium preparation discharges for the DTE1 were carried out with only half of the divertor cryopump at liquid helium temperature. In order to have exact comparison pulses in DT and T, it was decided to perform most of the DTE1 experiments in the ELMy H-mode regime in the same condition. One would expect the deuterium content of the vessel walls available to be exchanged with the plasma to become higher with only half of the cryopump operational, at least when the pulse repetition rate is comparable. Indeed, comparison of similar pulses with the full divertor cryopump and with half of the cryopump shows marked di erences in ELMs and density behaviour. In Fig. 16 , two deuterium discharges at 4MA and 3.4T are compared: discharge 42468 with only half of the divertor cryopump at liquid He temperature and discharge 40275 with the full cryopump operational. The two shots have the same total input power and reached similar con nement enhancement factors H 97 0:9. In shot 40275 all the additional heating is provided by NB injection, while shot 42468 is heated by a combination of about 2.5 MW of ICRH fundamental H minority heating at 52 MHz and about 16 MW of NB. The plasma magnetic con guration of the two discharges is similar and has relatively low triangularity of 0.2. In both discharges the external fuelling during the additional heating phase is provided only by the neutral beam injection.
In the discharge with only half of the divertor cryopump operational, there is evidence of a higher level of recycling from the vessel walls. In fact, the rate of increase in the plasma particle content during the ELM free period before the rst ELM is higher with half of the cryopump, despite the similar fuelling provided by NBI. Moreover, the fuelling e ciency in the Ohmic X-point phase is lower in the shot with the full cryopump. Finally, both the central and edge steady state densities are 40 higher in the shot with only half of the cryopump operational while the central and edge electron temperatures are lower by about the same fraction.
Perhaps the most noticeable di erence between the two discharges is the ELM behaviour. In the discharge with half of the cryopump operational, the ELMs are followed by a period of enhanced D level composed of very frequent ELMs and associated with a large drop in stored energy. These compound ELMs are followed by an ELM free period which is longer than the average ELM free period of the shot with the full cryopump.
The ELM behaviour of these two discharges seems to be in contrast with the observation that, in NB heated discharges at constant input power, the ELM frequency increases when the level of external gas fuelling and the density are increased. Moreover, the spontaneous H-L transition was not observed with half of the cryopump, when the toroidal eld was increased to 3.8T at 3.8MA. At the same input power and plasma current, the achievement of a steady state with the full cryopump was already marginal at 3.4T. It is possible that the increased recycling and the higher edge collisionality help to stabilise the edge mhd mode observed in discharges with a spontaneous con nement loss. Unfortunately, there are not many discharges which are directly comparable and in particular none with an spontaneous H-L transition, due to the limited period of deuterium operation at high current 1 d a y and to the fact that 3.8T was used extensively for the rst time during the tritium preparation with half of the cryopump.
The two high performance deuterium-tritium pulses at 3.8MA and 3.8T, 42762 half cryopump and 42982 full cryopump, do not show the same marked di erences. We believe that since the second half of the divertor cryopump was switched on just before pulse 42982, it could have had little e ect on the overall wall depletion.
All of the operating space limitations described above can be combined into an operating space diagram. Such a diagram is shown for JET in Fig. 17 . This diagram is based primarily on deuterium data from low triangularity discharges with the full divertor cryopump operational. Some small changes would Toroidal field (T) Line-averaged density (10 19 be expected, especially in the relationship between current and density, for other conditions. In this diagram we h a v e assumed that our steady state operating point is at 50 of the Greenwald limit, i.e. n e = I p =a 2 =2. Furthermore, we use the fact that typically 20 of the input power is lost to radiation and 40 is used to maintain the rate of rise of the core stored energy between ELMs. This means that only 40 of the input power is available to maintain the edge conditions necessary for an H-mode. The two points on Fig. 17 give the positions of the observed loss of con nement in deuterium plasmas at 2.5 MA and 2.5 T and at 3.5 MA and 3.4 T. It can be seen that they fall close to appropriate loss of con nement curves in the diagram. The values in parentheses at the top of the operating space diagram give the necessary input power in 50:50 DT plasmas, assuming that the H-mode threshold is inversely proportional to the isotope mass 25 . This, combined with the increased neutral beam heating power available when injecting tritium from one of the two injector boxes, predicts a signi cantly widened operating space in DT. Indeed, no di culty with loss of con nement w as observed in the three high current ELMy H-modes which w ere produced in DTE1.
SUMMARY AND CONCLUSIONS
Because of its combination of high performance, quasi-steady nature and robust character, the ELMy H-mode is the preferred operating regime for the next step magnetic fusion device. During DTE1, the fusion performance of ELMy H-modes has been tested at the limits of JET's capabilities. The resulting plasmas performed up to expectations based on DD preparation pulses and thus establish a rm basis for extrapolating to a next step machine. In particular, the JET results, when extrapolated to ITER, predict ignition.
The high current discharges in JET were limited to less than ve seconds duration due to technical restrictions on the high power heating systems and to the neutron budget vessel activation. For this duration these discharges are steady state in terms of energy con nement time but not in terms of current di usion times and wall equilibration times. Tests at lower currents and with pulse lengths up to 20 s in deuterium plasmas have shown no change in con nement. There is good reason to suppose, therefore, that the high current DT pulses could be extended to truly steady operation with no loss of con nement or performance.
The con nement of our ELMy H-mode discharges above 3 MA is somewhat degraded compared to the most recent global scaling laws. This relative loss of con nement appears to be shared between the edge con nement barrier and the plasma core. A t to our dataset produces a weaker plasma current scaling than that found in the 1997 scaling law. There are strong collinearities in our dataset, however, and it is not possible to separate the dependencies on current and toroidal eld. The separation of plasma current and density is also di cult, although ts to subsets of the data at constant plasma current reproduce the density dependence found when tting the entire dataset. Other experiments 9, 21 have shown that this density dependence is violated when strong gas pu ng and or impurity seeding is used.
Studies of core mhd activity show no clear di erences between pulses with moderate and high plasma current. The ELM behaviour, on the other hand, can be shown to be responsible for at least some of the observed degradation. In this sense, we believe that current global scaling laws for ELMy H-modes are only accounting for some of the changes in con nement due to ELMs. The relatively poor core con nement of some of our high current discharges may also be related to the degradation at the edge, but the present JET edge database is too sparse to allow rm conclusions to be drawn.
This approach of correlating the con nement o f our ELMy H-mode discharges to the timing of the ELMs, while useful in focusing attention on the plasma edge, has the disadvantage of not having a predictive capability. Some additional engineering parameter or parameters, which control the ELM behaviour, are required in order to construct a predictive scaling which ts the entire JET dataset of ELMy H-modes. Furthermore, the DTE experiments have clearly shown that there is a signi cant di erence in the mass dependence of the core and edge con nement 7 . Work is underway to develop separate scaling laws for the edge and core con nement. This will strongly challenge the capabilities of current edge diagnostics. More and better data is required if precise results are to be achieved.
Deuterium preparation for operation in DT has highlighted the limited operating space available at high current. An operating space diagram has been generated which is based on the assumption that the loss of con nement seen at high current is due to proximity to the H-mode threshold. Since this threshold is found to scale inversely with the isotope mass, the operating space was predicted to be wider in our tritium experiments. Indeed, our three high current DT pulses did not su er from a loss of con nement during the high power phase.
In the last day of high current deuterium preparation before DTE1, no loss of con nement w as observed, even at power levels where it might h a v e been expected. This is thought to be due to the fact that we w ere operating with only one half of the divertor cryopump which led to increased recycling levels and higher density, l o w er temperature edge plasmas. It appears that the mhd instability at the plasma edge, which is the reason for the large hysteresis observed during the loss of con nement, is suppressed in these conditions. Experiments are planned in the new JET operational campaign to test this hypothesis in more controlled conditions.
